The coding sequences of five human enterovirus (HEV)-C genotype 105 strains recovered in Italy, Romania and Burundi from patients with upper and lower respiratory tract infections were analysed and phylogenetically compared with other circulating HEV-C strains. The EV-C105 was closely related to EV-C109 and EV-C118 strains. The European strains were similar to other circulating EV-C105 strains, while the two African EV-C105 clustered in separate bootstrapsupported (.0.90) branches of the P2 and P3 region trees. Minor inconsistencies in the clustering pattern of EV-C105 in the capsid region (P1) and non-capsid region (P3) suggest that recombination may have occurred in EV-C105 group B viruses. In conclusion, phylogenetic analysis revealed the circulation of two distinct EV-C105 lineages in Europe and Africa. A different pattern of evolution could be hypothesized for the two EV-C105 lineages.
The genus Enterovirus (HEV) includes 12 species. Among HEV species C (HEV-C), a number of new genotypes have been discovered in the past 5 years, for example EV-C104, -C105, -C109, -C113, -C116, -C117 and -C118, and some of these genotypes are included in a novel monophyletic clade within HEV-C (Daleno et al., 2012 Lukashev et al., 2012; Piralla et al., 2010 Piralla et al., , 2012 Piralla et al., , 2013 Tapparel et al., 2009; Yozwiak et al., 2010) . At present, only a few EV-C105 strains have been identified in children with respiratory tract disease or fatal acute flaccid paralysis Richter et al., 2013; Tokarz et al., 2013b) . Therefore, the spectrum of clinical syndromes associated with EV-C105 infection is still unclear. No information about the cell tropism of EV-C105, or of the other newly identified HEV-C strains, has yet been obtained Tapparel et al., 2009; Tokarz et al., 2013a, b; Yozwiak et al., 2010) . In this study, five complete EV-C105 genomes were characterized and their phylogenetic relationships with other HEV-C species was analysed.
Two EV-C105 strains (BU77, BU5) were detected in Burundi in 2010 in respiratory samples collected from patients with fever and lower respiratory tract infection (RTI) ; one EV-C105 strain (ROM31) was identified in 2010 in a respiratory specimen of a Romanian child enrolled in the Community-Acquired Pneumonia Paediatric Research Initiative study evaluating the aetiology of community-acquired pneumonia (Daleno et al., 2012 ; two EV-C105 strains (Pavia/8376, Pavia/ 9095) were identified in respiratory specimens from two immunocompromised children with upper RTI, hospitalized at the Fondazione IRCCS Policlinico San Matteo (Italy) in 2011. All five EV-C105 sequences fulfilled the criteria for the designation genotype (Oberste et al., 1999) , sharing .75 % nt and .85 % aa identity with the reference prototype genotype (EV-C105 strain 34S; JX514943).
Complete EV-C105 genome amplification was performed with three overlapping one-step reverse transcriptase (RT)-PCR using the Superscript III One-step RT-PCR amplification kit (Invitrogen). Purified PCR products were directly sequenced using the primers listed in Table S1 , available in the online Supplementary Material. Cycle sequencing was performed using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems) in an ABI Prism 3130xl DNA sequencer (Applied Biosystems). The sequences were assembled using Sequencher software version 4.6 (Gene Codes Corporation) and aligned with MEGA software, version 5 (Tamura et al., 2011) . Genetic distances were calculated using the Simmonics v1.9 sequence editor package (Simmonds, 2012) . Phylogenetic analysis was performed with the program PhyML (Guindon & Gascuel, 2003) using an online web server. Trees were reconstructed using the maximum-likelihood method and the Tajima-Nei substitution model with 1000 bootstrap replicates. The similarity plots and recombination analyses were made using SimPlot software, version 3.5.1 (Lole et al., 1999) . The EV-C105 sequences obtained in this study were deposited in the GenBank database under the accession numbers: KM880096-KM880100.
A large ORF encoding a potential polyprotein precursor of 2205 aa was observed in all strains except one (strain BU5), which instead had a single methionine insertion at residue 54 in the 3A gene. Only partial sequences of the 59UTR were obtained from the five EV-C105 strains, since a 126 nt fragment at the 59-terminus could not be analysed. In agreement with previous observations Tokarz et al., 2013b) , the 59UTR of EV-C105 was 51 or 52 nt shorter in the hypervariable region as compared to EV-C104 and was closely related to those of EV-C109 and EV-C118. At present, how this deletion may affect the translation initiation of the viral polyprotein and/or viral genome replication remains unclear. In the capsid region (P1), the length of the EV-C105 VP1 gene (296 aa) was one aa shorter than that of the closely related HEV-C strains (297 aa). An amino acid deletion at position 142 in the DE loop was observed in all of the EV-C105 strains corresponding to a cysteine in EV-C118 strains and a glycine in EV-C109 strains (Fig. S1 ). The two African strains showed the highest number of aa differences (13 and 14 aa) with respect to the reference strain EV-C105 34S. Among the aa variations, only three were observed within the loop regions. In the non-capsid region (P2), conserved sequence motifs important for the replication and translation of HEV, such as catalytic triads H 20 -D 38 -C 109 in the 2A gene (Bazan & Fletterick, 1988 ) and the cysteine-rich motif CX 2 CX 8 CX 4 C in 2C (Pfister et al., 2000) , were also present in the EV-C105 sequences. In the non-capsid region (P3), the RNA-binding domain KFRDI (Gorbalenya et al., 1989) was conserved in all of the EV-C105 strains. As reported for other EV-C105 strains (Tokarz et al., 2013b) , the NTP-binding motif was slightly different (SKIKTGKS) from other HEV-C strains and additional differences were observed in African strains that had TKIKAGKS sequences.
Sequence alignments and genetic distance analyses showed that the five EV-C105 strains shared 83.9-91.3 % nt and 97.3-98.7 % aa identity in the P1 region, 82.9-91.2 % nt and 96.7-97.8 % aa identity in the P2 region, and 81.8-92.2 % nt and 95.2-98.7 % aa identity in the P3 region with the EV-C105 strain 34S (Table 1) . Following principles previously applied in Echovirus 30 analysis (Palacios et al., 2002) , EV-C105 strains were divided into lineages based on pairwise distances: (1) lineage A consisting of Pavia/8376, Pavia/9095 and ROM31 strains and (2) lineage B including BU77 and BU5 strains. The distribution of pairwise distances along the entire genome was similar for the three European EV-C105 strains (group A), while the degree of nucleotide identity between the African strains (group B) and the reference strain (34S) for the P2 and P3 regions (81.8-83.2 %) was lower than that for the P1 region (83.9-84.0 %). In order to investigate the distribution of nucleotide identity along the genome, one sequence representative of each lineage (strain Pavia/9095 and strain BU77) was analysed as a query using similarity plot analysis (Fig. 1) . The strain Pavia/9095 showed higher similarity (.90 %) in the P1 region, as well as in the P2 and P3 regions, with the other EV-C105 group A strains (highlighted in red) (Fig. 1a) . In contrast, a lower overall identity (80-90 %) was observed with respect to the EV-C105 of group B (highlighted in blue). When the BU77 strain was used as a query sequence, the strain BU5 showed high similarity to BU77 along the genome, while all of the group A strains showed nucleotide identity that was mostly lower than 85 % both in the capsid (P1) and non-capsid (P2 and P3) regions (Fig. 1b and Table  1 ). These findings are in contrast with the reported relative conservation of the P3 region observed within an HEV species (Brown et al., 2003; Oberste et al., 2004) .
The phylogenetic tree reconstructed using P1 sequences shows the segregation of EV-C105 strains into two highly supported (.0.90) distinct clusters (Fig. 2a) . In the P2 and P3 trees, a clear separation between EV-C105 sequences of group A and B is observed. In detail, the EV-C105 sequences (Fig. 2b, c) . Of note, the P3 region tree was partially unresolved with nonsignificant (,0.70) bootstrap values at the node grouping EV-C105 group A, EV-C109 and EV-C118 (Fig. 2c) . As observed previously for EV-D111 (Harvala et al., 2011) , EV-71 (Lukashev et al., 2014; McWilliam Leitch et al., 2012) and for HEV-B (Lindberg et al., 2003) , phylogenetic incongruences in the VP1 and 3Dpol regions are indicative of recombination events. Minor inconsistencies in the clustering pattern of EV-C105 in the capsid region (P1) and noncapsid region (P3) suggest that a recombination event may have occurred in EV-C105 group B viruses. However, it was not possible to establish the source of the recombinant noncapsid region sequence. We might speculate that a recombination event may have occurred between EV-C105 group B strains and an unknown HEV-C donor strain different from the EV-C109 and EV-C118 strains (Fig. 2c) . However, we could not exclude the hypothesis of codivergent evolution for the two African EV-C105 and other EV-C105 strains as observed for echovirus types 30 and 6 (Bailly et al., 2011) .
EV-C105 has been recently recognized as a new member of the EV-C species and little information is available on its biological properties and pathogenetic roles. Clinical syndromes associated with EV-C105 infection range from respiratory disease (Richter et al., 2013; Tokarz et al., 2013b) to acute flaccid paralysis . In this report, three out of five (60.0 %) EV-C105 positive patients presented with lower RTI, while the remaining two patients were immunocompromised and suffered from upper RTI.
EV-C105 infection is distributed worldwide Richter et al., 2013; Tokarz et al., 2013b) . This report describes the identification and characterization of five EV-C105 cases from Italy, Romania and Burundi. Therefore, it is suggested that the spread of EV-C105 could be wider than previously hypothesized. In addition, the increase of HEV detection among patients with acute respiratory syndrome underscores the need to include an enterovirus-specific assay in the molecular diagnostic panel of respiratory viral infections in hospitalized patients (Jacobson et al., 2012; Xiang et al., 2012) .
In conclusion, phylogenetic analyses revealed the circulation of two distinct EV-C105 lineages in Europe and Africa. A different pattern of evolution could be hypothesized for the two EV-C105 virus lineages.
